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Wet-on-wet printing is frequently used in inkjet printing for graphical and industrial applications, where
substrates can be coated with a thin liquid film prior to ink drop deposition. Two drops placed close together
are expected to interact via deformations of the thin viscous film, but the nature of these capillary interactions
is unknown. Here we show that the interaction can be attractive or repulsive depending on the distance
separating the two drops. The distance at which the interaction changes from attraction to repulsion is found
to depend on the thickness of the film, and increases over time. We reveal the origin of the non-monotonic
interactions, which lies in the appearance of a visco-capillary wave on the thin film induced by the drops.
Using the thin-film equation we identify the scaling law for the spreading of the waves, and demonstrate that
this governs the range over which interaction is observed.
PACS numbers: 47.55.D-, 47.55.dr, 47.55.nb
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Solid particles at a liquid-gas interface have a ten-
dency to form clusters due to capillarity-driven interac-
tions. This phenomenon is known as the “Cheerios ef-
fect”, named after the floating cereals that form clusters
at the milk-air interface.1 Manifestations of the Cheerios
effect are also found in biology. For instance, mosquito
eggs aggregate on the surface of a pond to form rafts.2
Capillary interactions have also been observed between
liquid drops3,4 and between solid particles5 on soft gels.
Soft gels are solids but share many properties, such as
having a surface tension, with highly viscous liquids.6
Capillary interactions are also relevant to technological
applications, which range from self-assembly7–10 to drop
condensation.11
In an industrial setting, capillary driven drop inter-
actions play an important role in inkjet printing. Sub-
strates are frequently covered by a first layer of ink before
a second ink layer is applied, or can be coated with a thin
liquid primer layer prior to ink deposition.12 Such primer
layers contain salts that destabilize the colloidal pigment
particles and thereby increase their sedimentation rate,
which enhances print quality.13 Typically, the primer
layer thickness is similar to the size of the ink drops,
since both are deposited using a similar printhead.14 We
have observed interaction between ink drops deposited
on such a primer layer. However, the nature of the capil-
lary interactions between drops deposited on a thin liquid
film is still poorly understood.
In this Letter we experimentally study capillary inter-
actions between drops on thin liquid films. We focus on
a)Electronic mail: m.a.hack@utwente.nl.
FIG. 1. Interaction of water drops (radiusR = 45 µm) printed
on a thin silicone oil film (thickness h0 = 5.7 µm). Two types
of interactions are observed: (a) Attractive interaction causes
the drops to form drop pairs. See also Movie S1. (b) Repulsive
interaction results in a zigzag-like pattern of drops. See also
Movie S2. The difference between the two experiments is the
initial distance between the drops in the printed line. The
scale bar represents 400 µm.
the case where the drops and films are immiscible, which
eliminates mixing and Marangoni effects and isolates the
Cheerios-like interactions. The essence of our experiment
is shown in Fig. 1: a row of water drops (MilliQ, Milli-
pore Corporation) with a radius of R = 45 µm (which is
the same in all experiments) is jetted onto a thin sil-
icone oil film (Basildon Chemical Co. Ltd.) with a
thickness h0 = 5.7 µm and viscosity ηo = 1 Pa·s using
a piezo-driven pipette (AD-K-501, Microdrop Technolo-
gies). We observe both attractive (Fig. 1a) and repul-
sive (Fig. 1b) drop interactions, where the only differ-
ence between these experiments is the distance between
the jetted drops. Attraction, as shown in Fig. 1a, results
in drop pairs. The entrainment of a thin oil film be-
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2FIG. 2. (Color online) Evolution of the profile of the viscous film (h0 = 28 µm) around a drop (R = 45 µm) located at the
origin. The film exhibits a wavelike deformation that broadens over time: (a) t = 0.3 s, (b) t = 2 s, (c) t = 6 s, (d) t = 10 s. The
axes in (a) also apply to (b)–(d). The black circle in the center corresponds to a region where digital holographic microscopy
cannot properly resolve the film’s surface, the blue circle denotes the drop’s diameter and position in the xy-plane.
tween the drops delays their coalescence.15 In Fig. 1b,
by contrast, the drops are pushed out of the initially
straight line, resulting in a zigzag-like configuration. The
increase in drop distance clearly points to a repulsive in-
teraction. The semi-coalesced drop pairs in Fig. 1a also
show a zigzag structure at t = 15.5 s, which indicates
a possible repulsive interaction for t > 3.2 s. Hence,
we find that drops on thin viscous films exhibit intricate
non-monotonic interactions.
The non-monotonic nature of the interactions can be
traced back to the surface deformation induced by a sin-
gle drop. In Fig. 2 we show the profile of the viscous
film (h = 28 µm) at various times after drop deposition,
measured using digital holographic microscopy16 (abbre-
viated DHM, R-1000, Lynce´e Tec). The measured sur-
face deformations are non-monotonic and extend over a
distance of approximately 1 mm, almost two orders of
magnitude larger than the size of the drop. The wave-
like profile results from volume conversation: liquid is
pulled up to create a meniscus close to the drop, and a
capillary wave connects the meniscus to the flat film far
away from the drop. The perturbed profile of the liq-
uid film continues to broaden over time as is shown in
Fig. 2a–d.
Since the interactions between drops are induced by
perturbations of the viscous film, we expect the range
of the interaction to increase over time. Such a time-
dependence in the interaction law is fundamentally dif-
ferent from the usual Cheerios effect (particles at an in-
terface of a deep pool1) or the “inverted Cheerios ef-
fect” (drops3,4 or particles5,17,18 on elastic layers). In
those cases, the deformation by a single particle reaches
a steady state, so the interaction law is constant over
time. In the present case, by contrast, the time-scale of
the change in the deformation of the film is similar to
the time-scale of the induced drop motion. This makes it
very challenging to quantify the detailed interaction law.
For this reason we focus on finding the (time-dependent)
range of attractive interaction, and correlate this to the
evolution of the profile of the viscous film.
To reveal how the interaction range depends on time
and film thickness, we focus on the case of two drops,
as sketched in the inset of Fig. 3a. Oil films of initially
uniform thickness h0 were spin-coated on a hydropho-
bic glass microscope slide (Menzel-Gla¨ser), h0 was var-
ied by changing the rotational speed and spinning time
of the spin-coater. The hydrophobization, performed
by vapor deposition of trichloro(octadecyl)silane (Sigma-
Aldrich), resulted in a contact angle of water on glass suf-
ficiently large to prevent rupture of the silicone oil film
underneath the drops through ‘rewetting’.19 The thick-
ness of the silicone oil films was measured using reflec-
tometry (HR2000+ spectrometer with HL-2000-FHSA
halogen light source, Ocean Optics).20 The interfacial
tension between the water drops, with surface tension
γw = 72 mN m
−1, and the silicone oil film, with surface
tension γo = 21.2 mN m
−1, was γwo ≈ 20 mN m−1. Con-
sequently, since γwo + γo < γw, a thin silicone oil film
engulfed the water drops.15,19,21,22 The oil-coated glass
substrate was mounted on a linear motor to control the
distance between the drop centers D through the speed
of the substrate and the jetting frequency of the pipette.
The time between the deposition was typically around
10 ms, which is much shorter than the relevant timescale
over which the interaction is observed (from t = 0.28 s
onwards). The deposited drops were imaged from below
the substrate using a camera (Ximea XiQ MQ013MG-
ON) connected to a telecentric lens (Kowa LM50TC),
and the experiment was illuminated from above (Schott
Ace light source + diffuser plate). The spatial and tem-
poral resolution were 3.5 µm/pixel and 20 ms, respec-
tively. The images were processed to extract the time-
dependent drop positions from which the separation dis-
tance D and the interaction type (i.e. attraction or re-
pulsion) were determined.
From the experiments we determine the type of inter-
action between two drops. In Fig. 3 we show a typical
series of experiments with h0 = 46 µm, varying the initial
drop-drop separation distance D. In Fig. 3a we report
whether the interaction is attractive (denoted A in the
figure) or repulsive (denoted R) for varying distance D
and at various times t after deposition. Here, each data
point corresponds to one experiment with two drops. We
observe a sharp transition between attractive interactions
3FIG. 3. (Color online) (a) Interaction type of two drops sep-
arated by a distance D (A = attraction, R = repulsion), at
t = 0.28, 0.5, 1 s (film thickness h0 = 46 µm). The distance
D is measured center-to-center (inset). The arrow indicates
D* for t = 0.28 s. The horizontal bars indicate the error in
D*. (b) The surface profile induced by a single drop (same
conditions as panel (a)). The black line indicates the position
of D* at t = 0.28 s, while the arrow indicates rmin. The blue
region close to r = 0 indicates the radius of the drop.
(small D) and repulsive interactions (large D), and we
denote the range of attractive interaction by the critical
separation D*.23 The experiments show that D* is not
a universal length, as it observed to increase over time.
Deformation of the drops, as observed from the top-view
images, is small and occurs only when D  D* (i.e. in
the case of attracting drops that are in very close prox-
imity of each other), and thus does not affect the value
of D*. Note that the drops in Fig. 1 remain circular in
shape, except when in close proximity. Here we remark
that D* is much larger than both h0 and R; for example
we measure D* = 0.61 mm at t = 0.28 s. This obser-
vation is consistent with the behavior observed for the
printed drop rows in Fig. 1, where the drop spacing is
also the key factor that determines the interaction type.
In a separate experiment, DHM was used to measure
the drop-induced surface deformation of the oil film un-
der the same conditions as for Fig. 3a. Fig. 3b shows
the surface profile of the oil film from the center of the
drop outward along a radial line with coordinate r, where
r = 0 corresponds to the drop center, at various times t.
DHM is unable to measure the film profile close to the
drop because the slope of the surface is too steep in this
region (indicated by the black circle in Fig. 2). Com-
parison of Fig. 3a and Fig. 3b shows that D* is indeed
directly comparable to the extent of the deformation of
the film (approximately 0.1-1 mm), demonstrating that
the interaction is indeed governed by this deformation.
Since the deformation of the film evolves over time, the
nature of the drop-drop interaction is time-dependent as
FIG. 4. (Color online) (a) Interaction type of two drops sep-
arated by a distance D at t = 0.28 s, for films of varying
thickness h0. The solid lines indicate D
*, with the horizon-
tal bars indicating the error in D*. (b) The position of the
dimple rmin follows the scaling predicted by Eq. (2). Inset:
unscaled data. (c) Same data as in (a) and Fig. 3a, but D
scaled according to Eq. (2). The solid black line shows the
normalized value of D*, which takes on a single value, the
horizontal bar indicates the standard deviation.
well.
Since the broadening of the surface deformations are
expected to change with film thickness, we next study
the dependence of D* on the film thickness h0. The ex-
periments from Fig. 3a were repeated with oil films of
varying h0, and the results are shown in Fig. 4a. Clearly,
the value of D* strongly depends on h0. Indeed, this can
be correlated to the dynamics of the deformed surface,
which exhibits a similar dependence on h0. To demon-
strate this, we characterize the film deformation for var-
ious film thicknesses using DHM. The time-evolution of
the position of the dimple rmin, i.e. the first minimum
in the profile as defined in Fig. 3b, is plotted in the
inset of Fig. 4b for several film thicknesses on a log-log
scale. Clearly, the dynamics are strongly affected by the
thickness of the film. This can be understood from the
4thin-film equation for the film profile h(x, y), which reads:
∂h
∂t
= − γo
3ηo
∇ · (h3∇∇2h) . (1)
The typical length-scale for the film thickness is h0, while
the gradient ∇ acts along the lateral direction and is set
by the radial distance to the drop r. With this, the terms
in Eq. (1) are expected to scale as:
h0
t
∝ γo
ηo
(
h40
r4
)
⇒ r ∝
(
γo
ηo
h30t
)1/4
. (2)
Similar scaling laws have been observed for the flat-
tening time of step-shaped thin polymer films24,25, and
for the wavelike deformation of a liquid close to a solid
wall.26 The main panel of Fig. 4b shows the same data
as the inset, rescaled using the scaling from Eq. (2), i.e.
rmin/(γoh
3
0/ηo)
1/4. The data collapses onto a universal
curve, in agreement with Eq. (2).
We now apply the same scaling law to quantify the
range of interaction between two drops. Fig. 4c shows the
drop interaction type as a function of the drop spacing D
normalized using Eq. (2) for a range of film thicknesses.
All data collapses on a single curve with the transition
from attraction to repulsion at D*/(γoh
3
0t/ηo)
1/4 ≈ 4.
Thus, the drop-induced deformation of the surface of the
thin liquid film is indeed at the origin of the interactions.
Finally, we wish to quantify what property of the defor-
mation determines whether drops attract or repel. In the
example shown in Fig. 3, the transition between attrac-
tion and repulsion D∗ coincides with the inflection point
of the deformed surface ri.
27 This is a general result, as
can be seen from the inset of Fig. 5, where profiles of
films with varying thickness have been rescaled accord-
ing to the lubrication prediction. Indeed, in all cases,
the critical distance D*/(γoh
3
0t/ηo)
1/4 ≈ 4 corresponds
to the inflection point. This is further quantified in the
main panel of Fig. 5, showing the direct correspondence
of D* and ri.
28 Thus, we conclude that the interaction is
determined by curvature of the viscous film. Intriguingly,
this result appears to be different from the interaction
between drops as observed on an elastic medium.3,4 In
that case, the transition from attraction to repulsion was
found to depend on whether the separation distance D
was small or large compared to the size of the drop R.
For the case considered here, for which D  R, the elas-
tic interaction can be described by a potential ∼ ∇2h,18
and the change from attraction to repulsion occurs when
the potential has a maximum – yet, in our experiments
we find D* to occur when ∇2h ≈ 0 (i.e. not at its maxi-
mum), for reasons that remain to be identified. We em-
phasize once more that for the elastic case the interaction
law does not change over time, while, by contrast, the
viscous film evolves dynamically. These dynamics bring
along additional viscous forces that may be the cause for
the unexpected role of the inflection point of the profile.
To summarize, we have observed non-monotonic
capillary interactions between liquid drops on thin liquid
FIG. 5. (Color online) The distance at which the interaction
transitions from attraction to repulsion D* as a function of
the location of the inflection point of the surface profile ri at
t = 0.28 s. The solid black line indicates D* = ri as a guide
for the eye. Inset: deformation close to the drop on various
film thicknesses normalized by the scaling law in Eq. (2). The
solid black line corresponds to the transition from Fig. 4c.
films, focusing on the case of immiscible liquids. These
non-monotonic interactions are due to visco-capillary
waves on the viscous films, induced by the drops on
the film. The range of the interaction is increasing
with time, due to the broadening of the waves, which
makes this “viscous Cheerios effect” very different
from the interactions observed on deep pools or on
elastic substrates. Additionally, we have shown that the
transition from attraction to repulsion coincides with the
inflection point of the deformed surface. These results
will be of importance for inkjet printing whenever drops
are deposited on primer layers: capillary waves are also
observed when drops are miscible, though in that case
other factors such as mixing and Marangoni flows are
expected to play a role. More generally, drop interac-
tions on thin films might be of use for applications such
as anti-fouling and self-assembly. For example for fog
harvesting, substrates could be fine-tuned such that the
interactions between drops lead to faster condensation
of water.11
Supplementary Material – See supplementary ma-
terial for movies of drop interaction.
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